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* E'.FFECTIVE MEAlf FREE PA'l'H OF ~ IN llJCIEAR MAT'IER 

Jose R. Fulco+ 

Radiation Laboratory 
Un1 wrsi ty of California 

Berkeley, CalU'ornia 

The effective mean tree path for wrtinucleons in nuclear matter 

is calculated at intermediate energies from the Fermi gp.a zrodel, in terms 

of the nuel.eon-ant1nueleon total and differential. scattering cross $eC't1ons. 

The results are used to obtain tbe imaginary part of the opt1cal·model 

potential in the formalism of Riesenf'eld and Wo.tsQr~;. 

* Work done under the auspices of the u. s. Atomic Energr COmmission. 

t A v1s1 tor t'rGm the Argentine Arm'3. 
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Oetober 29, l958 

lJ'be al'ltiproton beam from tbe Berkeley Bevatron bas been used 1n 

~ exper!Ents With couatere, 1 
bubble chambers, 2 aud phctograpb1c emllsions3 

to s'tu4y the interaction of 'f:mtiJiwlleoJl$. With nuc~ and nuclei .. 

Since the most sueeeae£ul tneoretieal approach to tbe problem of 

tbe nucleon-nucleus seat.t.ering bas, 'been ada tbrousb the op'tice.l model of' 

4 5 . 
tbe nu<lleUSI Gluagol4 bas recently preoente4 a detailed c:aleul&tion or 

the arxtinueleon-nueleus iDteract:S.on ue:img tb1& forma.lism. His vork bas 

ebown tbat tbe most 1mportan't parameter of tbe pzoblem is 'the ~ 

part or the ceutre.l optical ~1,. since ita value becomea very large · 

e.s a result of the 1..arse antinueleon-nue.leOn cross notion. Unfol"'tl.mately, 

at the~ Glaasgold macle his ealculat10B, cetther the i.u 4itferent1al 

sca:tted.IJ8 cross sections nor the total eross eect1cma were known at tbe 

require4 energtea, so that he could not obtaiD the actual value of the 

ette.ctive erose section. 'l'herefore be cboae tor the i.mag1.na.ry part ot 

tbe optical potential two extt-eme values: one eorrespo~ to the tote.l 

expertmente.l cross seetion as measured :tn Reference lb at 450 Mev 11 aDd 

the other corresponding to the annihilation part~ of this cross section. 

Work done under the auspiees ot the 11. S. Atomic &lergy CoDirlis&ion. 

• 
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Sinee, at the energies here considered, tbeae two extreme values 

differ b)r a factor of 2, we have considered it advisable to calculate the 

ef'f'eet of the Pauli principle in the scattering, u.s1l'lg the nov knoWn 

differential cross sections. 6 

In doing this we have chosen tor the imagirJar,y central optical 

potential the stanaard def'ini tion, 

VCI ; ~ ·~ , (1) 

Where k 1s the antimacleon momentum in the ii-m btU.'yeentric system, 

(2) 

where i is defined below (Formula ( 4)) 1 and p and ). as in Ref'erence 4b. 

Within this f'ormallsm our problsm has been reduced to calculating 

the "ettective 1-w cross section," i.e., t.be part ot the total i-N cross 

section not excluded by the Pauli principle. 

In order to do that we have followed the ideas of Goldberger 7 and 

a 
Ba.:yalmw., Ks.'Wai, and. K1kucl1i 1n their calculations ot the same effeet in 

the nucleon-nucleus system. However, there ere t.w main differences 

be't'ween the i-nucleus and 1-nucleus interaction. The first is that the 

Pauli principle applies only to the nucleon iuid.e the nucleus (and DDt 

to the incoming ontinucleon)., and also onl.y to the scattering part o:t the 

cross section (the annihilation part is entirel,y unaf'f'ecte<l). The second 

is that the N-N dit'ferential scattering cross section is strongl,y peeked 

r. 



in the forward direetJ.an owing to Mf'fraction from the annihilation 

process, thus :l.tivalidating the aasur.aption of isotropy ot the angular 

distribution. Also we t&ke an energy dependence of the i-1t seattering 

2 cross section aa 1 k i.nStead ot 1 k , as ebosen by Bayakalsa in the 

N-B case. Therefore we have maintained the picture or· the nucleus as a 

mixture of two nonintemetmg Fermi gases at zero temperature, but we 

have dropped the ~sis ot isotropy end ba.ve instead used a differential 

i-N scattering cross eection ot the torm 

dp{e} cs 1 rA + B cos e + C coa2 eJ , 
d.n k l 

which .f'i ts fairl:3 well the theOretical and meaaured. differential cross 

sections fer P,.p aud P.n .scattering 1n the enex-gy range between 100 and 

It VOilld be possible to haw a better fit with higher powers 

O'f coe 9 1 but the calculatiOn becomes unree.sonably complicated. Considering 

the rough nature ot the md~l, elaborate computations a2.-e unjustified. 

One difficulty with the Fermi gas model th$t plAys an important 

part in e.ntin'ucleon pbenQmetla iS the laCk of $1lY consideration of the 

real alla.pe of t.he nucleus. As we shall see, the interaction of antinucleOns 

wi tb the nucleus 1S mainly on the ,nuclear surtaee, Where the den&i ty ot 

nucleons is smaller a.nd the Pauli principle less effective. Some 

constd.eratton ot thiS effect oon perhaps be accomplished by usinG a 

small value of the Fermi energy. We have chosen '' Mev t-or this parameter, 

oorresponding to ~ = 1.2 x 10 ... 1' em. A second def'1ciency o£ our 

calculation is that the uniform k dependence of the coeffid.ents of 

the cos Q ezpane1on of the difterential cross section tails to represent 
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the narrowing of the forward diff'raction:-scattering peak vitb inc:reasil'lg 

energ, and therefore undereS'timatea the effect of the Pauli principle at 

the hisher energies. This error is not very tmporte.nt, however. 

Let 111 ami F1 • be the a.ntinuoleon ~ in tbe laboratory 

system, before e.nd. after the collision respect! vely, and it2 and P'2 ' 

the correqond.ing momenta of the target nucleon. The Penni model gi vee 

rise to a uniform distribution of r2 bounded by the Fermi momentum PF, 

Vbich we assUJOO to have tbe .~ value fo:r neutrons al'l4 protons. The 

Paull principle requires P2 • > P:r· See Fig. l. 

U we write the d.itferentie.l scattering cross section in the 

~ . 2 
nucleon•antinucleon barycentric system as dA I r1 ... P'2 f = K + t cos 8 + M cos e, 

we get for the e:f'f'ective scattering cross section 

whe-re 
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, 

~ =: 2 I 

2 2 2 
2 }(l+x) -8x. 

~ = 3 (1.- + x'-)4-(1 - x2)3 • 

We consider a nucleus v1 tb the same number of protons and neutrons 

and average ~r the P.P and p•n cross sections (the former including 

charge exchange), therefore defining 

-0 = 

where 

1 
t 

I=O 
21 + 1 

4 

, (4) 

I 
of~hJ (I is the isotopic spin). 

t_BC&t 

We now determine K, L, and M by fitting the ave.raged theoretical 

- - 6 angular distributions of p-p and p.-n scattering at different energies. 

'!'he illtegre.tion ( 3) bas been made numerically and the results, 

expressed in terms of the mean free path ~s" are shown in Fig. 2. For 

comparison tbe mean t:ree paths obtained (a) from an isotropic ansular 

distribution (with tbe same k dependence), and (b) from complete neglect 

ot the exclusion principle, are also plotted. 
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Finally, Table I shove the imag1neey part of the central optical

model potential, accol'dins to Formula (1), at several different energies, 

together wt th the correspondiDS values f'or tbe case of no Paull principle 

etfeet. 

Optical potentials: 'ct in Mav (A. • 1.2 x lO•l3 em) 

Elab (in Mev) 

50 100 140 200 26o 
' 

With exclusion principle 64ft 1' iT ao 84 

Without exclusion principle 90 103 106 107 108 

The value of A.
8 

has been extrapolated. 



III. COliCWSIOB 

The large value of the nucleon-antinucleon Cl"'ss section bas long 

been kDOVn to imply a very short mean tree path f'or antinucleons··1n 

nuolear matter. '!'be excluston-.prinetple effect cons14ered here increases 

somewhat the mean tree path, but not enough to cba.Dge the conclusion that 

nearly all antinuel.eon interactiows occur on the nuclear surface. 

In the same energy range the nucleon effective mean tree path is 

larger than 5 x lD •l:5 em, showing a strikin,s difference between the 

nucl.ecm-nueleus and antiJ:Neleon·nucleus i.DteJ'Qct.ion. 

I wisb to thank Professor Geoffrey P. Chew and Dr. Warren Heekrotte 

for tbeir help a1'ld adVice. I am also 1ndebted to Dr. David L. Judd tor 

hospitality e.t the Radiation taboratoey 
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FIGURE CAPTIONS 

Fig. 1. Coordinate systems and 11.mits o£ integration. 

Fig. 2. Mean tree path o£ ant.inueleons in m.M:lear matter. 
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